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Space allocationAbstract This paper presents a systematic pathway for the ﬂoor plan design when given the shape
of required ﬂoor plan, the list of spaces, the dimensions of each space and the weighted matrix of
required adjacencies between the spaces.
The ﬁrst step is to partition the given shape into say k possible rectangles. Then using the given
adjacencies, divide the given spaces into k groups. Next is to construct a rectangular block for each
group and at last adjoin all rectangular blocks to have the required ﬂoor plan. The obtained
rectangular blocks are one of the best arrangement of spaces inside a rectangle from the point of
view of connectivity.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to the raise in human population over the last few years,
many countries over the world are facing a problem of short-
age of housing. For example, according to a report by Jones
Lang LaSalle (see [1]), the total housing requirement in
Indian cities (including backlog) by the end of 2012 was
26.53 million dwelling units. And if the current increase in
backlog of housing is maintained, a minimum of 30 million
additional houses will be required by the end of 2020. Now
to build so many houses in a short duration of time, we needadvanced and logical methods and technologies to develop
new housing designs. This work is concerned with the auto-
mated generation of ﬂoor plan layouts which might speed
the production of design documents, reduce errors and omis-
sions, and provide inexpensive and vivid visualizations.
Space allocation is the computational arrangement of
rooms (spaces) in a ﬂoor plan. In other words, it is the pro-
cess of determining the position and size of different rooms in
a two-dimensional space, according to the user’s requirements
and topological and geometric constraints. It is one of the
most interesting and difﬁcult areas of computer-aided archi-
tectural design. One of the most cherished tasks of architects
is to provide a layout of spaces in a building. They want it
according to some rational principles; mostly style which
depends on the position of rooms and minimization of
distances between the spaces. In this paper, we propose a
set of algorithms which gives the space allocation in the
form of a given shape for the given spaces and the given
adjacencies.
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In 1974, Dietz [2] proposed the automatic generation of plans
from building programs. This process involves a unit system, a
site, a program, and an adjacency matrix and then the com-
puter system produces multiple solutions by trying various
combinations of space allocation. In 1982, Roth et al. [3] gave
a procedure for the design of a ﬂoor plan when given the list
and dimension of all the spaces, and the matrix of required
adjacencies between the spaces. In 1984, Leinwand and Lai
[4] used graph theoretical approach for the design of rectangu-
lar ﬂoor plans. In particular, they proposed an algorithm that
takes a triangulated graph and checks for the admissibility of a
rectangular dual. In 2002, Arwin and House [5] applied physi-
cally based modeling for the generation of architectural ﬂoor
plans. Here they used the analogy of mechanical springs and
dampers to connect spaces. In 2004, Kalay [6] mentioned
two approaches to solve the space allocation problem i.e. an
additive approach and a permutation approach (see March
and Steadman [7]). The additive approach starts with an empty
ﬂoor plan and builds up a low cost layout with one solution at
a time while the other approach goes through every possible
layout and searches for one having the least cost. In both the
approaches, aim is to minimize the sum of the weighted dis-
tances. In 2008, Terzidis [8] developed a computer program
called autoPLAN that generates architectural plans out of a
building program and a site. The program was written in the
Processing computer language. In 2010, Verma and Thakur
[9] presented a system which suggest the design of a Multi-
Storey Apartment building using Genetic Algorithm. In
2013, Rodrigues et al. [10] presented an enhanced hybrid
evolutionary computation technique whose aim is to help
architects in the generation of a set of feasible ﬂoor plan
designs by performing the repetitive tasks.
Throughout this research, we listed few points which seems
important from the point of architectural design but yet not
covered completely by the researchers in the literature.
Following is the list of the points.
1. Most of the work is restricted to only rectangular ﬂoor
plans. We can think of other shape ﬂoor plans for example
circular, hexagonal, etc.
2. Approach to solve the problem of space allocation is
mainly concerned with the position of given spaces. No
one has talked precisely about the position and size of extra
spaces. In architectural terms, the extra spaces can be
looked as terraces, store rooms, corridors, etc.
3. In some of the related work, adjacencies among the spaces
have been considered for the ﬂoor plan design, but we did
not ﬁnd any work where the best solution has been deﬁned
and computed on the basis of adjacencies.
In this paper, we generate different shape ﬂoor plans while
satisfying the given adjacencies among the spaces. The ﬂoor
plans are constructed by adjoining different rectangular blocks
which are made up of the given spaces. This construction pro-
cess also generates some extra spaces. The rectangular blocks
obtained on this occasion are one of the best connected solu-
tion (for details about connectivity, refer Section 4).
Roadmap. Section 2 discusses the given problem and the
terminologies frequently used in the text. Section 3 providesa complete procedure for obtaining the required space alloca-
tion. Section 4 gives the adjacency graph of the obtained space
allocation. In Section 5, some methods have been given to
reduce the sizes of extra spaces. At the end, Section 6 is conclu-
sions and future work.
2. Deﬁning given problem and its solution
Before moving to the problem, let us deﬁne some important
terminologies used throughout the text.
2.1. Rectangular spaces and given shape
In space allocation, the spaces represent different elements of a
building, e.g., rooms, ofﬁces, kitchens, bathrooms, water clo-
sets, etc. In this work, we have considered only rectangular
and normalized spaces (i.e. they must have only horizontal
and vertical sides). Also the given geometric shape should be
a polygon made up of horizontal and vertical straight lines
only whose size is not ﬁxed.
2.2. Weighted adjacency matrix
A weighted adjacency matrix, usually provided by architects, is
a symmetric matrix of order n n where its entries are integers
varying from 0 to 10. It is denoted by ATðnÞ, where n is the
number of given spaces. In a sense, the entries of ATðnÞ repre-
sent the probability of two spaces being adjacent i.e. we can
say that the number 10 corresponds to the maximum probabil-
ity for the spaces to be adjacent whereas the number 0 stands
for the lowest probability for the spaces to be adjacent. The
purpose of this matrix is to control the quality and the number
of possible solutions, according to the wishes of architects.
Kalay [6] (Chapter 13, Figure 13.7) mentioned the concept of
weighted adjacency matrix for the problem of space allocation.
In this matrix, the weights give the relative importance of the
proximity between the spaces. Since adjacency among the
rooms is an important criteria for any space allocation, e.g.
in a house we always want that dining room should be close
to kitchen while playing room should be away from library.
Therefore, in our work, we consider that the weighted matrix
is a weighted adjacency matrix and our aim is to maximize
the connectivity of the arrangement.
2.3. Example 1
As a case study, to illustrate the problem and the proposed
solution, we take the following example. Suppose we have
given 16 spaces. Let the area of the given spaces is 48, 48,
48, 48, 24, 24, 6, 6, 96, 64, 48, 48, 48, 72, 72, 12 respectively
and the ratio between width and height of each space is
1.618 which is approximately equal to golden ratio. For the
simplicity of computations, the ratio between width and height
of all spaces is same but each space can have different ratio.
Also, we have given a geometric shape (in the shape of a plus),
shown in Fig. 1 and a weighted adjacency matrix ATð16Þ
shown in Table 1. In Table 1, the used notations represent
the following spaces:
R1;R2;R3; and R4 are rooms.
BA1 and BA2 are bathrooms.
Figure 1 A plus-shape polygon.
Figure 2 A computer generated plus-shape space allocation for
the given spaces and weighted adjacency matrix.
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LR is a living room.
DR and KIT are a dining room and a kitchen respectively.
OF 1;OF 2 are study rooms and LIB is a library.
PR is a playroom.
ENT is an entrance-hall.
Our aim is to arrange all the given spaces inside the plus
shape while satisfying the given weighted adjacency matrix
ATð16Þ. The solution of this problem is a plus-shape space
allocation which has been demonstrated in Fig. 2. The proce-
dure for obtaining the required allocation is explained in next
section.
3. Algorithm for obtaining the required space allocation
Here are the steps involved in obtaining the required space
allocation for the given shape, spaces and weighted adjacency
matrix. These steps are explained using Example 1, Section 2.3.
1. Partition the given shape into k possible rectangles. For
example, in Fig. 3 the given plus shape has been divided
into ﬁve rectangles.
2. Using the given weighted adjacency matrix, divide the given
spaces into k groups as in Step 1, the given shape has been
partitioned into k rectangles. For example, on the basis ofTable 1 A weighted adjacency matrix of order 16.
R1 R2 R3 R4 BA1 BA2 WC1 WC2
R1 0 8 6 6 8 6 9 6
R2 8 0 6 6 8 6 9 6
R3 6 6 0 8 6 8 6 9
R4 6 6 8 0 6 8 6 9
BA1 8 8 6 6 0 6 9 10
BA2 6 6 8 8 6 0 10 9
WC1 9 9 6 6 9 10 0 6
WC2 6 6 9 9 10 9 6 0
LR 4 4 4 4 2 6 2 6
DR 5 5 4 4 2 2 2 6
KIT 3 3 3 3 2 2 2 4
OF1 2 2 6 4 2 2 2 4
OF2 2 2 6 4 2 2 2 4
LIB 2 2 4 4 2 2 2 4
PR 8 8 4 4 4 4 4 4
ENT 6 6 6 6 2 2 2 6AT ð16Þ in Table 1, the following 5 groups will be formed
for the 16 spaces given in Example 1.Group1: R1;R2;BA2;WC1, and PR.
Group2: R3;R4;BA1, and WC2.
Group3: LR and ENT.
Group4: DR and KIT.
Group5: OF 1;OF 2 and LIB.
The process of forming the groups has been explained in
Section 3.1.
3. Arrange the members of each group to form a rectangular
block. For example, the rectangular blocks corresponding
to groups formed in Step 2 are shown in Fig. 4. The
construction of rectangular blocks is explained in
Section 3.2.LR DR KIT OF1 OF2 LIB PR ENT
4 5 3 2 2 2 8 6
4 5 3 2 2 2 8 6
4 4 3 6 6 4 4 6
4 4 3 4 4 4 4 6
2 2 2 2 2 2 4 2
6 2 2 2 2 2 4 2
2 2 2 2 2 2 4 2
6 6 4 4 4 4 4 6
0 8 6 6 6 6 6 9
8 0 10 4 4 4 6 4
6 10 0 2 2 2 4 4
6 4 2 0 8 10 2 9
6 4 2 8 0 10 2 9
6 4 2 10 10 0 2 4
6 6 4 2 2 2 0 6
9 4 4 9 9 4 6 0
Left Central
Upper
Right
Lower
(A) (B)
Figure 3 A plus-shape polygon and its division into rectangles.
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block. For example, in case of plus-shape, there are 5
positions: central, left, above, right and below (refer
Fig. 3(B)). After ﬁxing the position, adjoin all the
rectangular blocks in such a way that they result in the
required space allocation. To get the desired result, extra
spaces are added if necessary. For example, the space
allocation in Fig. 2 is obtained by putting together ﬁve
rectangular blocks illustrated in Fig. 4 and some green
rectangles shown in Fig. 2. We call these green rectangles
by outer extra spaces. The extra spaces will be discussed
in detail in Section 4.Figure 4 Five computer generated rectangular blocks used for
getting a plus-shape space allocation.3.1. Formation of groups
The required number of groups are formed using the given
weighted adjacency matrix so that the adjacency conditions
set by the given AT must be satisﬁed. Let M be the maximum
of all entries of ATðnÞ. Here are the steps involved in the for-
mation of groups:
1. In given AT , look for all the pairs of spaces corresponding
to M. We call the pairs of spaces obtained in this process
by adjacency pairs. For example, for the AT ð16Þ in
Table 1, M ¼ 10. We have the following adjacency pairs
corresponding to M ¼ 10.
ðBA1;WC2Þ;ðBA2;WC1Þ;ðDR;KITÞ;ðOF1;LIBÞ;ðOF2;LIBÞ:
2. Reduce M by 1 and obtain all the adjacency pairs
corresponding to M. In this step, we skip those rows which
correspond to the spaces already covered in the obtained
adjacency pairs. For example, corresponding to AT ð16Þ in
Table 1, we skip rows 5, 6, 7, 8, 10, 11, 12, 13 and 14.
For the remaining rows, we have the following adjacency
pairs when M ¼ 9.
ðR1;WC1Þ; ðR2;WC1Þ; ðR3;WC2Þ; ðR4;WC2Þ; ðLR;ENTÞ:
3. Keep repeating Step 2 till all the spaces are covered by the
adjacency pairs. For example, corresponding to AT ð16Þ in
Table 1, all the spaces are covered except PR. Therefore,
we consider M ¼ 8 and obtain the following adjacency
pairs.
ðPR;R1Þ; ðPR;R2Þ:
We say that the two spaces say RA and RB are locally adja-
cent if they form an adjacency pair. In the ﬁrst three steps,
we have discussed the algorithm for obtaining the adja-
cency pairs. In the coming steps, we form groups from
the obtained adjacency pairs.
4. We consider a space say RA as a member of a group G if RA
is locally adjacent to any of the existing member of G.
Using this concept, we obtain the required groups. To start
the process of formation of groups, consider any one of the
space as the ﬁrst member of the ﬁrst group. For example,
for the obtained adjacency pairs in above 3 Steps, we
formed the groups as follows:
Let R1 is the ﬁrst member of ﬁrst group. From the initial
adjacency pairs, R1 is locally adjacent to WC1 and PR; PR
is locally adjacent to R2, and WC1 is locally adjacent to
R2&BA2. Therefore, the members of the ﬁrst group are
R1;R2;BA2;WC1, and PR.
Now R3 is not a member of the ﬁrst group. By referring to
the initial adjacency pairs ðR3;WC2Þ; ðR4;WC2Þ and
ðBA1;WC2Þ, the members of the second group are
R3;R4;BA1, and WC2.
LR is not a member of either the ﬁrst or the second group,
thus consider LR as ﬁrst member of the third group. From
the initial adjacency pairs, the members of the third group
are LR and ENT. Continuing in the same fashion, the
members of the fourth group are DR and KIT and the
members of the ﬁfth group are OF 1;OF 2 and LIB.
5. If the number of formed groups is not equal to the number
of required groups, then the number of formed groups is
reduced (resp increased) by one, by merging two smallest
BA1
R4
ENT
LR
WC2
R3
KIT DR
R1
R2
WC1PR
BA2
LIB OF2
OF1
Figure 5 Adjacency graph of the plus-shape space allocation shown in Fig. 2.
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(resp by splitting the largest group into two groups).
Coincidently, for the plus shape we require only ﬁve groups
and from the Step 4, we have only 5 groups. Therefore, we
do not require to reduce or increase the number of groups
for the example discussed in this section.3.2. Spiral-based rectangular blocks
As name suggests, a rectangular block is obtained by arranging
the given spaces inside a rectangle without any overlapping
among the spaces. The rectangular blocks illustrated inFigure 6 Rectangular blocks where the sizes of inner extra
spaces are reduced by swapping width and height of some spaces.Fig. 4 are constructed using the spiral-based algorithm (see
[11], Section 2.2). The rectangular blocks constructed using
spiral-based algorithm are called spiral-based rectangular blocks.
A spiral-based rectangular block is congruent to 7 other rectan-
gular blocks which are obtained by four types of mappings
between congruent ﬁgures: translations, reﬂections, rotations,
and glide reﬂections (the last being a combination of a transla-
tion and a reﬂection). For details, refer to [11], Section 2.3.
These eight spiral-based rectangular blocks are called by
spiral1; spiral2; spiral3; spiral4; spiral5; spiral6; spiral7, and
spiral8 respectively. We can construct a rectangular block
corresponding to any group using any of the eight spirals.
For example, in Fig. 4, spiral5; spiral5; spiral8; spiral6 and
spiral2 are used for the construction of central, left, upper,
right and lower rectangular blocks respectively.
4. Adjacency among spaces
From [11] Section 3.2, we know that a spiral-based rectangular
block is best connected rectangular block. The connectivity of
two rectangular blocks or rectangular ﬂoor plans is compared
on the basis of the number of edges in the corresponding adja-
cency graph. The adjacency graph of a rectangular block is
obtained by representing each space as a vertex and then draw-
ing an edge between any two vertices if the corresponding
spaces are adjacent. If n is the number of spaces, then the maxi-
mum number of edges in an adjacency graph of a rectangular
ﬂoor plan is 3n 7 when n > 3 (for details refer to [11]). The
extra spaces which are present inside a rectangular block are
called inner extra spaces. In architectural terms, they can be
looked as a space for corridors, stairs, store room etc. The
adjacency among the spaces in a rectangular block, directly
or via inner extra spaces, has already been explained in [11],
Section 3.1.
4.1. Adjacency via inner extra spaces
Let n be the number of given spaces and Ri be the ith space to
be allocated to obtain a spiral-based rectangular block. For the
spiral-based rectangular block, we have the following results
related to the adjacency among the spaces:
Figure 7 A plus-shape space allocation where the sizes of extra
spaces are reduced by swapping width and height of some spaces.
800 K. Shekhawat1. Computing the adjacency of ﬁrst space R1 with other spaces
of the rectangular block.If n ¼ 2 then R1 will be adjacent to
R2. For n ¼ 3 then R1 will be adjacent to R2 and R3. If n > 3
then R1 will be adjacent to R2;R3;R4 and R5.Figure 8 A minimum area plus-shape allocation.2. Computing adjacency among the other spaces of the
rectangular blockStarting from R2, each Ri will be adjacent
to every Riþ1;Riþ3 and Riþ4 till i < n; i < ðn 2Þ and
i < ðn 3Þ respectively.
For example, for the left most rectangular block in Fig. 4,
WC1 is adjacent to BA2;R2;R1 and PR. Similarly, BA2 is adja-
cent to R2 and PR;R2 is adjacent to R1;R1 is adjacent to PR.
4.2. Adjacency via outer extra spaces
The extra spaces which are not a part of any rectangular block
are called outer extra spaces. They are illustrated in Fig. 2 by
green rectangles. In architectural terms, they can be looked
as a space for parking, garden, etc. The adjacency via outer
extra spaces has been deﬁned by considering the following
cases:
1. When there is no extra space between two spaces of two dif-
ferent groups.
In this case, we apply the deﬁnition of direct adjacency i.e.
if two spaces have a side or a part of a side in common, we
say that they are adjacent. For example, in Fig. 2, LIB is
directly adjacent to BA1.
2. When there are inner and outer extra spaces between two
spaces of two different groups.
If by removing the inner and outer extra spaces the two
spaces are directly adjacent, then we consider these spaces
to be adjacent. In Fig. 2, we consider that R1 is adjacent
to R3 with an inner extra space between them. R3 is adjacent
to LR with an inner and an outer extra space between them.
For better understanding of the concept of adjacency
among the spaces, refer to Fig. 5 where the adjacency
graph of the plus-shape space allocation in Fig. 2 has been
illustrated.
5. Reducing the sizes of extra spaces
It can be clearly seen that the proposed space allocation may
have some inner and outer extra spaces. In terms of architec-
tural design, extra spaces are valuable, at the same time user
or architect prefer to have as less extra space as possible.
Since the proposed solutions are best connected, therefore in
this Section aim is to reduce the size of the extra spaces in such
a way that the connectivity of the obtained solution remains
preserved. In the upcoming sections, we present two methods
to reduce the size of extra spaces.
5.1. Swapping of width and height of the spaces
Here we try to reduce the size of extra spaces by swapping
width and height of some of the spaces of obtained ﬂoor plan.
To proceed, we consider each spiral-based rectangular block of
the obtained ﬂoor plan and swap width and height of some of
its members. We explain the conditions and procedure for
swapping, for the left rectangular block shown in Fig. 4. The
resultant left rectangular block is shown in Fig. 6.
Step 1: Start with the smallest space i.e. WC1 and place it at
any position say ðx; yÞ.
Figure 9 A vertically ﬂipped T-shape space allocation.
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the following two cases:
2.1. If BA2 is placed below WC1 with initial width and
height as shown in Fig. 4, then the area of corresponding
extra space would be 5.99.
2.2. If the width and height of BA2 are swapped, then the
area of corresponding extra space would be 13.4.
It is clear from Steps 2.1 and 2.2 that before placing a space
at its position, the area of extra spaces is compared for two
cases i.e. for the ﬁrst case, width and height would be con-
sidered with given value and for the second case, width and
height would be swapped. To reduce the size of extra
spaces, we consider the case in which the size of extra space
is minimum. The same comparison is done for all the
upcoming steps. Since the size of extra spaces in Step 2.1
is less than the size of extra space in Step 2.2, therefore
we do not swap the width and height of BA2.
Step 3: After allocating BA2, we place R2 without swapping
its width and height.
Step 4: Before placing R1, we swap its width and height i.e.
we allocate it with size 8:8 5:5.
Step 5: We allocate PR with given width and height.
The area of extra spaces for the plus-shape space allocation
in Fig. 2 is 274.81 and after swapping width and height of some
of the spaces, the area of plus-shape space allocation in Fig. 7
is 228.6. Clearly, the size of the extra spaces has been reduced.
5.2. Eight different spirals
Previously, we discussed that the spiral-based rectangular
blocks can be constructed in eight different ways. Also from
the previous discussion, we know that, for the plus-shape
allocation, ﬁve rectangular blocks are required and each
rectangular block can be obtained by any one of the eight spi-
rals discussed in Section 3.2. Therefore for a given set of data,
the number of different plus-shape allocations that can be
obtained by changing the spiral for each rectangular block is
85 ¼ 32; 768  25  103.
After reducing the size of extra spaces by swapping method,
the size of extra spaces can be further reduced by picking the
solution with minimum area among all possible 85 solutions.For example, the area of extra spaces in Fig. 8 is 135.8 which
is comparatively very less in comparison with the plus-shape
space allocations in Figs. 2 and 7. In Fig. 8, we can see that
spiral2; spiral7; spiral8; spiral1 and spiral3 are used for the con-
struction of central, left, upper, right and lower rectangular
blocks respectively.
The adjacency graph for the plus-shape space allocations in
Figs. 2, 7 and 8 is same i.e. given by Fig. 5. This concludes that
the adjacency graph is an invariant for the methods used for
reducing the sizes of extra spaces in Section 5.
6. Conclusion and future work
In this paper, we presented a set of algorithms to construct
a given shape ﬂoor plan for the given spaces and adjacencies
among the spaces. The proposed solution, which may be
further improved and adjusted by the architects, is obtained
with the combination of different best connected rectangular
blocks. If we compare our solution with some of the existing
solutions for the rectangular ﬂoor plans, it is very rare to
ﬁnd a solution which is best connected. For example refer
[3] (Figs. 5(a), 16 and 17) where rectangular ﬂoor plans
are displayed for n ¼ 7. For all these cases, the number of
edges is 12 which is not equal to 3n 7 ¼ 3 7 7 ¼ 14.
It means solutions are not best connected. Similarly, if for
the rectangular ﬂoor plan in [4] Fig. 4, n ¼ 8 and number
of edges is 16 which is not equal to 3n 7 ¼ 3 
8 7 ¼ 17. This reﬂects that the proposed solution is,
architecturally and mathematically, different from existing
solutions in some sense.
This paper describes the construction of a plus-shape space
allocation only, but the procedure can be used to generate
other geometric shape space allocations also. As an example,
one of the space allocation for the input used in Section 2.3
is shown in Fig. 9.
Now if we go through Section 3.1 in detail, we ﬁnd that in a
weighted adjacency matrix, occasionally it may be necessary to
overlook a higher number and consider a lower number in
order to obtain the required result. Therefore, it is not a con-
straint which needs to be entirely satisﬁed but it represents a
set of constraints. Because of this nature of the matrix, in
future we will deﬁne some more methods to interpret it and
802 K. Shekhawatwe will try to ﬁnd out which interpretation leads to the best
result for the grouping of the spaces.
In Section 5, we have introduced the concept of extra
spaces. The inner extra spaces can be considered as cir-
culations, stairs, store rooms, etc. while outer extra spaces
can be garden, parking space, etc. Now it is up to architects
that they can keep extra spaces as it is or they can merge it into
the corresponding rooms. In Section 5.1, we have introduced a
technique for reducing the size of the extra spaces.
Mathematically, we found that this method for reducing the
sizes of extra spaces works in most of the cases, but it might
not work in some of the cases. In addition, in this direction
some more optimization techniques need to be explored and
applied.
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